Glass reinforced polyester (GRP), as a thermoset polymer composites, dominates boat building industry with its several advantages such as high strength/weight ratio, cohesiveness, good resistance to environment. However, proper recovering and recycling of GRP boats is became a current environmental requirement that should be met by the related industry. In this study, to propose in a cost effective and environmentally friendly way, Life Cycle Assessment (LCA) has been carried out for six scenarios include two moulding methods (namely Hand Lay-up Method, HLM and Vacuum Infusion Method, VIM) and three End-of-Life (EoL) alternatives(namely Extruding, Incineration and Landfill) for a recreational boat's GRP hulls. A case study from raw materials purchasing phase to disposal/recycling stages has been established taking 11 m length GRP boat hull as the functional unit.Analysis show that in the production phase, the impacts are mainly due to the use of energy (electricity), transport and raw material manufacture. Largest differences between the methods considered (HLM and VIM) can be observed in the factors of marine aquatic ecotoxicity and eutrophication while the closest ones are abiotic depletion, ozon layer depletion and photochemical oxidation. The environmental impact of VIM is much higher than HLM due to its higher energy consumption while vacuum infusion method has lower risk than hand lay-up method in terms of occupational health by using less raw material (resin) in a closed mold. In the comparison of the three EoL techniques, the mechanical way of recycling (granule extruding) shows better environmental impacts except terrestrial ecotoxicity, photochemical oxidation and acidification. Among the EoL alternatives, landfill has the highest environmental impacts except 'global warming potential' and 'human toxicity' which are the highest in extrusion. The main cause of the impacts of landfill is the transportation needs between the EoL boats and the licenced landfill site. Although it has the higher impact on human toxicity, incineration is the second cleaner alternative of EoL techniques considered in this study. In fact that the similar trend has been observed both in production and EoL phases of the boat. It is obvious that using much more renewable energy mix and greener transportation alternative can reduce the overall impact of the all phases considerably.
INTRODUCTION
Boat building is one of the oldest industries in nearly every coastal country throughout the world. From the time immemorial, people have depended on the reliability of different types of boats for fishing, and for the transportation of people and goods. Today, the industry has shifted to accommodate an increasing demand for personal sport and pleasure crafts.
Different materials have been used for all types of small craft. The last 50 years have seen a change in the materials used in boat construction, with composites replacing wood or steel. Addition to several advantages such as high 'strength / weight' ratio, cohesiveness, and good resistance to environment, Full Article glass reinforced plastic (GRP), a thermoset polymer-based composite, has a superior formability byseveral moulding processes: hand lay-up, vacuum infusion, pressure bag, etc.
Thermoset polymer-based composites dominate the global boat market at present while boat building industry consumes 6% of thermoset plastic composites worldwide [1] .As for small craft industry building boats of max. 50 m of length overall, composite materials is unrivalled with a share of 70%. Based on the assumptions concerning penetration of composites, it is expected that the marine composites market will grow from about 135,000 tonnes in 2011 to close to 200,000 tonnes in 2018 at a compound annual growth rate of 5.6%. Given the estimated 6 million recreational craft in Europe alone, and with boat lifespans of 30-45 years, some 140.000 of these vessels per year can be expected to become due for scrapping [2] . Since 1950s polymer based composites,GRPs in particular, remains a major focus, many craft still being laid up in open moulds by traditional manual wet lay-up technique. Requiring only modest start-up investment, this accessible, entry-level technology is used for thousands of working and leisure craft annually. GRP craft range from 3 m dinghy or tender boat to 'plastic' mine hunters in service with leading navies [3] .
FRPs have significant usage in boat building and marine construction industries in a wider range for decades due to the fact that it is the optimum choice in terms of durability, workability and cost. These materials offer better resistance to both material corrosion as well marine environmental agents such as UV, seawater, organism and fatigue loading, additionally having the advantages of strength-to-weight ratio (specific tensile strength) compared to conventional materials such as wood, steel and aluminum [4, 5] .Additionally enabling part consolidation, thus reducing part counts, joints and fastener counts and manufacturing steps; providing significant weight reductions and improvements in stability by helping lower the centre of gravity and enabling easier application to complex shapes and compound curvature made composites ideal for manucafturing [6] .
Although GRP provides designers, engineers and producers a product with moderate quality and long life span, its poor recyclability of this thermoset plastic has been always a problematic area mainly due to its inherent heterogeneous structure [7] .
Today marine composite industry is faced with twoimportant problems: (1) the need to recycle end-oflife-vessels in a way that has not a negative impact on the environment, and (2) finding a way of designing new boats that will not leave future generations in the same predicament, which calls as "sustainability". This ranged from reducing energy use and waste to employing recycling and lowering emissions and a belief among many that sustainable engineering is a trendy name for what used to be called "good engineering" [8] . For good engineering, in the first sight, it was necessary to look at the current best practice employed in all the major areas of sustainable design, production, operation and dismantling/ recycling [9] . Recycling, in particular, contributes to the sustainability and sustainable development of industrial processes by leading resource and energy saving for production of reinforcement and matrix materials.
The current and future waste management and environmental legislations require all engineering materials to be properly recovered and recycled, from end-of-life products such as end-of-life vehicles [10] . Relatively recent environmental legislation like the EU directives for end-of-life vehicles [11] and for waste electric and electronic equipment [12] as well as latest governmental UK strategy for composites [13] identifying "Increasing Sustainability and Recycling" cause increasing demand for recycling of GRP. Although both national and global environmental legislations help to promote recycling of thermoset composites, handling today's end-oflife products is a considerably important problem whose solutions should be put into practice.
Because of technological and economic difficulties, GRP recycling is almost limited to the incineration for energy recovery with no or little fibres recovery. After extensive researches on this subject, GRP recycling technologies yet to be commercialized have been developed in three categories: mechanical, chemical and thermal. Among them mechanical recycling involving shredding and grinding followed by screening to separate fibre-rich and resin-rich fraction for re-use is the easier way of recycling a thermoset plastic in terms of technological level and initial cost. Being very energy-intensive and the recyclates having low quality are the main drawbacks of this technology.
In European Boat Association's Position Statement for End of Life Boats (ELBs) [14] , the average lifespan for recreational boats has been stated as 10 years for inflatable boats, 20 years for motorboats and 30 years for sailboats. However, according the report of Nordic Council of Ministers titled Disposal of Plastic End-of-Life Boats [15] , the lifespan of the boats produced in the recent decades will be shorter simply because they are often built with thinner hulls than older ones.
In 2014, in BoatDigest Project [16] funded by EU, four workshops (in four countries namely France, Italy, Spain, Turkey and the United Kingdom) on the problems of ELBs have been organized with a wide range of shareholder in the related sector. The conclusions on GRP ELBs in particular gathered from these events can be listed as below:
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• Shareholders expressed the opinion that recycling of GRP boats cannot be considered as commercial activities due to the poor values of waste. At the moment there is no industrial solution for material valorisation of GRP, while some patented process is available but it is not exploited at industrial scale. The material valorisation should be done in cooperation with composites industry. 90% of dismantling companies use GRP wastes for energy valorisation.
• The number of abandoned boats at marinas is gradually increasing. In some marinas, abandoned boats already represents 2-3% of their total capacity.
• The best infrastructure for recycling recreational craft could be established integrally with the facilities where they manufactured. Ship recyclers, for example, have no interest in recycling GRP boats at all. In France, for instance, the estimated capacity of the recycling companies is of 400 operations per year, however in 2013 there has been a slight decline in demand.
• The most crucial question is the financial responsibility of recycling cost of the end-of-life boats. Most of the owners were not ready to pay for dismantling, while 23% of owners would do so. The proposed recycling price was the 5% of the price of the boat ranging from 100 to 10,000 Euros.
To survive in the boat building industry mainly driven by environmental legislations, thermoset composites producers and suppliers have to ensure a proper waste management system in time. Considering urgent need of the industry, several investigation have been carried on to find beneficial uses of GRP recyclate obtaining from mechanical recycling such as using it in manufacturing artificial woods [17, 18] , in bitumen-based road asphalt and roof covering sheets and in cementious materials to improve their thermal and insulation properties [19, 20] .
In this context, Life Cycle Assessment (LCA) based on comparative environmental assessment emerges as a suitable managing tool for a given product system from cradle to cradle. The study of Song et al. [21] can be considered as an effort of using LCA as a decision making tool for a plastic composite products producer. In their study, LCA of components of a truck and a bus made by thermoset composite have been compared with recycled steel and recycled aluminium by calculating energy values for the life cycles of the related materials. Designing with composites and improvement of production methods have been drawn the major interests among the researchers and several studies have been done, but GRP boat manufacturing processes are not widely investigated and no detailed environmental studies are known. Due to the fast growing number of GRP boats produced for recreational and work craft and their production having a considerable impact on the environment, researchers, decision-makers and related institutions such as European Union, national agencies of several countries became very interested in this field.
LCA for different building methods and EoL alternatives in this study might be considered as an attempt to manage GRP boat lifespan in a sustainable manner.
METHODOLOGY 2.1 Goals and scope
The main goal of this study is to establish an initial and detailed LCA study of a GRP boat hull due to a lack of respective studies at the time. Second goal is to do a comparison of six common scenarios including two moulding methods and three end-oflife ways in order to recommend to the industry's stakeholders such a boat's life cycle strategy, which causes lowest environmental impact while decreasing the building and recycling costs. The selected boat was the bestseller recreational craft of its producer, a weekender, and it has 11 m length overall and almost 4 t displacement weight.
The scope of the study is a traditional LCA from cradle to grave, i.e. from purchasing various resources such as raw materials used in the production of such a boat hull to the end-of-life alternatives (re-use, recycling or disposal). The functional unit is defined as "The complete life cycle of 11 m long GRP boat hull; produced in Izmir (Turkey), excluding operation stage of the boat and recycled in a Turkish stateof-the-art recycling system".
Life cycle assessment methodology
LCA study in this research has been performed based on the related ISO standards 14040 [22] and 14044 [23] . The outcome of this study depends on various factors such as life cycle process under consideration, inventory allocation, impact assessment method, etc. Diagram of the system studied has been shown in the Fig.1 . To concentrate production and end-of-life alternatives, the impacts come from the boat in using / management phases have been neglected in this study. [24] .
Life cycle inventory (LCI) analysis
To gatherthe adequate LCI data in the GRP boat building industry needs the site survey in a boat building workshop at least. Due to a complete lack of respective information from the boat builders, data from a representative boat building workshop in Izmir (Turkey) has been gathered by monitoring and recording all materials and energy used through the building process. The region of Europe has been chosen while using related data from Ecoinvent v2.2. Since the western part of Turkey purchases electricity from Bulgaria and disposal process of Turkey very similar to Switzerland, these countries have been assigned in the related phase of the model.
The weights of the components of such a boat hull have been identified by the weighting in the beginning and the end of the process. More detailed iden- As mentioned before, data directly gathered from the industry have been revised and adopted to the existing LCI database: i.e. gelcoat was modelled with generic database from the Ecoinvent data v2.2. Key characteristics and assumptions used in this LCA study here for the components, materials, production, transportation and end-of-life phases of the GRP boat hull have been summarized in Table 1. GRP hull consumer use phase's output material has been determined a reference flow which translate the abstract functional unit to specific product flows for each of end-of-life alternatives for this study.
Impact assessment methods
For the impact assessment, the two well-known calculation methods were used: the CML [25] and the Intergovernmental Panel on Climate Change (IPCC) 2013 [26] . CML-IA is a LCA methodology developed by the Centre of Environmental Science (CML) of Leiden University in the Netherlands. As for the IPCC, Only baseline indicators are available in the CML-IA method in SimaPro which is a widely used commercial software. In general, these indicators do not deviate from the ones in the spreadsheet. In case the spreadsheet contained synonyms of substance 
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Process step Remarks
Hull production
Gelcoat manufacture: Assuming that gelcoat is a mixture of 60% polyester resin, 19% titanium dioxide, 2% silica and 19% monomer, linked to respective dataset from Ecoinvent v2.2.
Gelcoat transport: Assumed is a transport by lorry of 650 km -representing the transport from producer in Istanbul to boat builder in Izmir, using average data for Euro4 lorry transport from Ecoinvent v2.2
MDF model production:
The model of the boat has been produced by the boat builder using MDF, which is a type of hardboard made from wood fibres glued under heat and pressure. The consumed amounts of electricity and labour force have been measured during the process in the workshop of the boat builder.
GRP mould production: Two techniques have been considered alternatively to assess and compare their impacts: (1) Hand lay-up: This is the oldest and the simplest process for the manufacturing of GRP products. Even if it is slow and very labour intensive, hand lay-up is a very simple, low cost and easy to apply process for GRP products. Hand lay-up process consists of hand tailoring and placing one or more layers of GRP on a mould by saturating the reinforcement layers with a liquid polyester. All layers are applied to the moulding by hand. Resin is sprayed or brushed on after each layer. According to the resin preparation, the material in or around a mould can be cured with or without heat and without pressure.
Comparatively inexpensive materials such as wood and plaster can be used as moulds. The hand lay-up process is especially recommended for large and complex products which require moderate strength and reliability. (2) Vacuum infusion: The pressure created in a vacuum bag is to enclose the wet liquid resin material and mould in a flexible membrane and draw a vacuum inside the enclosure. And atmospheric pressure on the outside presses the membrane uniformly against the wet lay-up. The vacuum directly helps to remove air in the wet lay-up. It allows a higher fibre to resin ratio through better consolidation, reduces void content and improves interlaminar shear, especially in the adhesive layer next to a sandwich core. It can be applied by the use of a vacuum bag, matched moulds or an autoclave; the vacuum bag being the last complicated and most frequently used system in boat building.
Distribution
Assumed is a transport by lorry of 100 km representing the transport from the boat builder to the seller.
Use
As there is a various approach to a GRP hull's beneficial life time, this stage has been neglected and the impacts caused by usage have not been taken into account.
Transport
Assumed is a transport by lorry of 100 km, 650 km and 100 km respectively representing the transport from the user to extruding facility, landfill area (a specialised/licensed area in Izmit / Turkey) and incineration facility of Izmir Metropolitan Municipality respectively.
End-of-life treatment
Extruding: For cutting the hull a shredding device having the capacity 1500 kg/h has been used. This device powered by a 100 kW/h electrical motor. After this stage another granule extruder device having the capacity of 800 kg/h and powered by a 150 kW/h electrical motor has been used. For the granule extruding process from the Ecoinvent v2.2 database "glass fibre reinforced plastic, polyester resin, hand lay-up, at plant" material is used.
Incineration: An average data determined as "disposal, municipal solid waste to municipal incineration" from Ecoinvent v2.2 has been used for this process.
Landfill: An average data determined as "disposal, plastic, mixture to sanitary landfill" from Ecoinvent v2.2 has been used for this process.
names already available in the substance list of the SimaPro database, the existing names are used. A distinction is made for emissions to agricultural soil and industrial soil. Emissions to agricultural soil are made clear by placing 'agricultural' in the column 'subcompartment' while emissions to industrial soil are blank. Emissions to seawater are indicated with 'ocean', while emissions to fresh water are blank which is assumed that all emissions to water in existing process records are emissions to fresh water.
RESULTS
The life cycle of the GRP boat hull
The environmental impacts along the complete life cycle of the GRP boat hull are shown in Fig.2 and 3 due to the two different building methods. All CML factors of production and EoL phases which lead to important environmental impacts are shown in the same figures, i.e. distribution and use phases are of no importance.
Details of the life cycle phases 3.2.1 Production
The environmental impacts of the production phases highly depend on the use of energy (electricity), transport and raw materials (mainly gel coat) manufacture. These impacts can be changed considerably by using the alternative / renewable energy source such as solar energy whose considerable potential in Izmir for throughout the year. Vacuum infusion method use electricity to create vacuum while hand lay-up uses mainly manpower. All CML factors show a similar trend. Largest differences between the production methods can be observed in the factors of marine aquatic ecotoxicity and eutrophication while the closest ones are abiotic depletion, ozon layer depletion and photochemical oxidation.
Although vacuum infusion method needs much more energy and adverse impacts to the environment, workplace inhalation exposure levels of chemicals with known human health risks can be decreased using closed moulding systems in this method [27] .In Table 2 , differences of the related adverse impact levels between two production methods have been given.
Use
In this study,production and end-of-life (EoL) phases of GRP hull is mainlystudied for a boat build- ing life cycle.Use phase has been neglected for the model in the study.
End-of-life treatment
Energy needs of recycling equipments such as granulators dominates the energy demandfor the process. Equipments with lower capacity is more energy efficient at a low processing rate, while equipments with higher capacity are better at higher processing rates.
Energy demand in mechanical recycling of GRP is relatively less at higher recycling rate. Within this processing regime, more material can be processed per unit energy and process time has no significant effect on the total energy requirement.
CONCLUSIONS
This study's objective was to develop a proper framework for GRP boat building by means LCA to minimize environmental impact of the related industry. From the results the environmental impact of vacuum infusion method is much higher than hand lay-up method due to its higher energy consumption while vacuum infusion method has lower risk than hand lay-up method in terms of occupational health by using less raw material (resin) in a closed mold. It is obvious that using much more renewable energy mix can reduce the overall impact of the all phases considerably.
In the comparison of the three EoL techniques, the mechanical way of recycling (granule extruding) shows better environmental impacts except terrestrial ecotoxicity, photochemical oxidation and acidification.Among the EoL alternatives landfill has the highest environmental impacts except 'global warming potential' and 'human toxicity' which are the highest in extrusion. The main cause of the impacts of landfill is the transportation needs between the EoL boat and the licenced landfill site.Although it has the higher impact on human toxicity, inclination is the second cleaner alternative of EoL techniques considered in this study.In fact that the similar trend has been observed both in production and EoL phases of the boat.
It is widely accepted that boat building industry need to form a strategy to make its supply chain more environmental friendly in order to keep competitiveness and to be prepared new legislative pressures.
